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The crystals and organic matrix of shell are formed within a thin layer termed

the extrapallial fluid (de \Yaele, 1930) enclosed between the mantle and the inner

shell surface. Accordingly, this fluid is considered to contain precursors of the

organic matrix, calcium carhonate in the state just prior to its deposition, carbon

dioxide, and other substances. At the same time, it is probable that physico-chemi-

cal characteristics and composition of the fluid will determine the nature of the

organic matrix and type of calcium carbonate crystals deposited, that is, whether

aragonite, calcite. or vaterite.

Recently evidence has accumulated on the relation of the organic matrix of shell

to the shell layers, to taxouomic groups, and to the crystallization of calcium car-

bonate. Kor instance, the proteins contained in the prismatic and nacreous layers

of a shell (Roche ct al.. 1^51: I fare, 1963) and also those in the prismatic and

nacreous portions of cultured pearls (Yasuda ct al.. 1957; Tanaka ct al.. 1960)

differ in the amino acid composition of the parts. Gregoire ct al. (1955) and

Gregoire (1957) have demonstrated a difference of the lace-like pattern of the

organic matrix of the nacreous layer in the various groups of molluscs. \Yatabe

and Wilbur ( l
(

'n()) have reported experiments suggesting that in the shell forma-

tion of molluscs the nature of the organic matrix has an important role in de-

termining the crystal forms. Recently, Kitano and Hood (unpublished data)

reported the effect of organic material upon the crystal forms of calcium carbonate

in ritro.

While the importance of the extrapallial fluid in shell formation has been em-

phasized by de Wacle (1930), Robertson <1'>41). Stolkowski (1951). and others,

most of the previous investigations in this field have been concentrated upon the

characteristics of the mantle and shell itself, omitting consideration of this fluid.

Accordingly, our knowledge concerning the protein components of the extra-

pallial fluid is almost completely lacking. The present experiments were under-

taken, as an initial study in this field, to detect the distribution of these proteins in

some molluscan species hv means of paper and cellulose acetate electrophoresis.
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MATERIALS AND METHODS

Thr following fourteen species were used: ( 1 ) Aeqitipecten irnidniiis conceal n-

CKS, (2) Chlamys nipponensis, (3) Crassostrea virginica, (4) C. t/n/us, (5) Ostrcu

cditlis. (6) O.hirida, (7) Modiolus demissus, (8) Hitsycon curicti. CM Mcrcctmna

incrccmiriti. (10) Elliptic* conipldthihts. (11) Crislaria woodiunn, (\2) Corbicula

ICUIHI. ( 13) / 'iripanis intcrlc.rtiis, and ( 14) Cipangopaludina inaUcala. ( )f these, the

first nine species are marine and the latter live fresh-water forms. It has been known

that in the normal state, calcium carbonate crystals of the shell in the species of

(l)-(6) are wholly composed of calcite, those of (7) of calcite in the prismatic

layer and of aragonite in the nacreous layer, and those of (8) (14) wholly ara-

gonite (Boggild, 1930; I'.ronn, 1935 ; Stolkowski, 1951; Lowenstam, 1954; Odum,

1957; Turekian and Armstrong, 1960; Wada, 1961).

Kluids of marine forms were usually taken from animals freshly collected at

the Duke Marine Laboratory, Beaufort, North Carolina. In other cases, both

marine and fresh-water animals were maintained in the Department of Zoology,

Duke University. In the Japanese marine forms, fluids were collected from ani-

mals which had been cultured in hanging cages at a depth of about 1.5 meters in

Hakodate Harbor, following a manner similar to the pearl-oyster culture
;

fresh-

water forms were reared in tanks of a green-house of the Faculty of Fisheries,

Hokkaido University.

For collection of the extrapallial fluid, the following method was simplest

and most satisfactory. After opening the valves by means of a shell speculum used

in pearl culture, a tiny hole was made by separating some pallial muscle from the

inner surface of the shell. A long injection needle on a syringe was inserted

through this hole into the extrapallial space, always being careful that the tip of the

needle was in contact with the inner surface of the shell. The extrapallial fluid was

withdrawn by gentle suction. In the case of Bnsycon carica, Vivipcirus intcrtc.rtus

and Cipanyopaliidina inallcata. the fluid was collected in a similar manner by in-

serting a needle into the extrapallial space and withdrawing fluid after the foot

had been extended. Usually, fluid collected from 2-10 specimens was pooled and

used for each test. Blood was carefully collected by heart puncture and gentle

suction applied at the time of each beat.

The extrapallial fluid was centrifuged and the supernatant was concentrated

to about one-tenth its original volume by dialysis against 20% gum arabic for about

20-30 hours at 4 C. During dialysis, a whitish precipitate formed in the con-

centrated fluid. Xo distinct difference of the electrophoretic pattern was found

between the runs on the supernatant only and the mixture of both fluid and pre-

cipitate. Blood was concentrated to about one-third its original amount by dialysis

against 10$ gum arabic at 4 C. for about 16-20 hours.

An E-C Apparatus Co. paper electrophoresis system was used. Most of the

procedures were performed according to the recommendations made by Raymond
(1955) for this apparatus. In most cases, six strips were run simultaneously, in-

cluding a control of human serum. < >n the basis of preliminary experiments, the

following conditions were chosen: harbital buffer solution (Holt ct a!., 1952), pH
8.5 and ionic strength 0.045 ; delivered constant current intensity 0.8 mA/cm. width

of the strip, and voltage-gradient during each run about 10-11 Y/cm. length of the
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-trip; cooling temperature of the- apparatus 10 C. ;
duration of run 4.5 hours;

Whatman 3MM filter paper strip of 3.1 X 4n.5 em.; a sample of 0.05-0.1 ml. \vas

applied to the *trip at its origin as a straight streak 1.5 cm. wide with a microsyringe.

The amount of human serum applied wa> 0.01 ml. \\'hen a relatively high current

inteiiMtv was delivered, a better electrophoretic pattern was obtained, po.vsibly owing
to high viscosity of tin- concentrated extrapallial thud applied, though such a condi-

tion wa> not desirable for human serum used as a control. After completion of the

electrophoresis. the strips were dried at about 100 C., rinsed in methanol for 10

minutes, and stained for 30 minutes in a 0.1 Vf solution of bromphenol blue in

methano! ; after washing successively in three changes of 2% acetic acid, the strip*

were dried in air; the color was intensified by exposure to ammonia vapor and the

strips were then scanned with a Spinco Model RA Analytrol.

The paper electrophoresis on the fluid of Crassostrca yiyas, Ostrea cdnlis, 0.

litrida. Chlainvs nippoiiciisis, Cristaria woodiana, Corbicula leana, and Cipanyo-

pahidlna uiallcata was conducted in Japan under the following conditions : barbital

buffer solution, pH 8.5 and ionic strength 0.045 ; delivered constant current in-

tensity 0.5 mA/cm. width of the strip, and voltage-gradient during each run about

10-12 V/cm. length of the strip; cooling temperature of the apparatus 15 C.;

duration of run 3-3.5 hours; Toyo No. 51 filter paper 12.5 X 26 cm. (four simul-

taneously run) ;
amount of sample 0.05-0.1 ml. A modified type of Grassman-

Hannig's electrophoresis apparatus was used. Scanning of the strips was made

with a Natsume densitometer after clearing them in melted paraffin.
4

Electrophoresis on cellulose acetate was made under the following conditions

in which most of the procedures were performed according to Smith (1960):

Laurell's barbital buffer solution, pH 8.6, 0.07 M solution for impregnation of the

strips and 0.06 M for electrophoretic run
; strip size 2.5 X 18 cm., connected with

two filter paper strips of 15 cm. length and 2.5 cm. width which were long enough
to reach down into the buffer solution in tanks on both sides of the apparatus. Cer-

tain practical difficulties were encountered in the use of cellulose acetate strips.

For instance, the sample was hardly absorbed on the strip when applied, owing to

its high viscosity; it was not rare that it took one or two minutes to absorb. So.

even if the sample was applied to the cellulose acetate strip so as to be linear

at it* origin, by use of the microsyringe, usually it spread around very slowly,

forming a round spot. Accordingly, it was difficult to obtain a satisfactory electro-

phoretic pattern, especially with samples from species having complex protein

fractions. In spite of such disadvantages, separation of the protein fractions was

found to be 1 tetter than that obtained from the paper electrophoresis.

RESULTS

The electrophoretic patterns of the extrapallial fluid for each species are pre-

sented in Figures 1 and _ Generally, separation of the protein fractions by paper

electrophoresis was not clear as in the case of the human serum, possibly owing
to abundance of mucoidal substances. However, as is seen in Figure 1 1>. the

'The writer \vishes to thank Professor T. Iniai of Tohoku University, Japan, for kindly

supplying the specimens of Ostrea rilu/is and O. Inridti which had heen transported from

Europe and cultured in his tanks, and also to thank Dr. Ynki and Messrs. K. Imamura, V. Ise,

and K. Sliiota for their kind help in the experiments made in Japan.
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FIGURE 1. Electruphoretic patterns of the proteins of the extrapalliul fluids in seven mol-

luscan species. A : scannings obtained from paper electrophoresis ;
arrows indicate the origin

of the strip; dotted line the relative migration distance of albumin of human serum. B:

cellulose acetate electrophoretic diagrams of the proteins of the extrapallial fluids
;

all strips

were stained with Ponceau S, but not cleared, and printed directly on photographic paper.
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Chlamys nipponensis Cipangopaludina malleata
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Crassostrea gigas

3

Cristaria woodiana
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Ostrea edulis
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Kii.rKF. 2. 1',-tprr electrophoretic patterns of the fluid proteins in six molluscan species.

Dotted line indicates the relative migration distance of albumin of human serum.

cellulose acetate electrophoresis showed a relatively clear separation, although some

fractions were found to show trailing- and further, strictly speaking, migration dis-

tances of Mime tractions were not comparable with those of the paper electrophore-

sis. Nevertheless, from hoth the scannings and the diagrams shown in Figures 1

and 2. one is ahle !o identif\ the individual protein fractions in each species. 'I he

relative migration distances of the protein fractions for each species are indicated

in 'I ahle I. The variation in the migration rate of each fraction was considerable.

However, except for the oysters, ihe species specificity of the electrophoretic pat-

terns was always unmistakable. The migration rates of fractions of human serum

are indicated in Table I for comparison.
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A single protein fraction was found in the extrapallial fluid of Aequipecten

irradians concentricus, CJilainvs nipponensis, Crassostrea virginica, C. gigas, Ostrea

editlis, and O. lurida (Figs. 1 and 2; diagram of the last species not presented).

The occurrence of such a single fraction in these species was remarkably constant

in every run, although it usually occupied a considerable area rather than appear-

ing as a clear band. The fraction in the scallops, Acquipcctcn irradians concentri-

cus and Chlainys nipponensis, corresponded to the so-called F-fraction, though

the migration velocity of the former species was much faster than that of the

latter (Table I). In all of the oysters, Crassostrea virginica. C. gigas, Ostrea

cdiilis and O. lurida, the fraction was found at a position similar to alpha-2-globulin

of human serum. Accordingly, it is probable that the two fractions of the two

groups, scallops and oysters, differ chemically. This is further suggested by a

characteristic difference in pattern shape on cellulose acetate (Fig. IB); that is,

in Aequipecten irradians concentric us, the fraction was always found to show trail-

TABLE I

Relative migration distance of each protein fraction in extrapallial fluid and blood of

fourteen molluscan species, calculated from the scannings of

paper electrophoresis

Species
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in^r on ct-llulosc acetate electrophoresis which was made under the same conditions

for ( 'rassostrea viryinica.

In each of the seven species, Husycon carica. Elliptic* complanatus, I'iriparus

intcrtc.vtus, Cristaria woodland, Corbicula Icana. and Cipangopaludina inallcata,

three fractions were found (Figs. 1 and 2'). In all diagrams of Busycon carica,

fraction 1 was found to he so faint as to he scarcely visible on paper after ex-

posure to ammonia vapor, though it was clearly detectable on cellulose acetate strips.

In almost all diagrams of Elliptic complanatus obtained by the cellulose acetate

electrophoresis, the fastest fraction appeared to resolve itself into two fractions

I Fig. IB). Although the occurrence of such an additional fraction was not dis-

tinctly recognizable in paper electrophoresis, four protein fractions may be present.

In 1'k'ipanis interte.rtus, fraction 3 was not clear-cut on paper but was a distinct

narrow band on cellulose acetate (Fig. IB). In all the Japanese three species,

Cristaria u'oodiana, Corbicula Icana, and Cipangopaludina mallcata. three protein

fractions were clearly identified, each species showing the respective specific pat-

tern (Fig. 2). In the last species, the fastest fraction appears to resolve itself into

two fractions when considered from its scanning pattern.

Among the 14 species studied, the electrophoresis of the extrapallial fluid in

Modiolus dcinissus was most difficult. No satisfactory pattern was obtainable, pos-

sibly owing to its low concentration of total protein. And when the sample was

concentrated more than 15 times, it was not easily absorbed on the filter paper, and

especially on the cellulose acetate strip, because of its high viscosity. However,

the scanning pattern of this species shown suggests four protein fractions, in-

cluding one (fraction 6) which migrated towards the anode (Fig. 1 A). In most

cases of paper electrophoresis in this species, fraction 1 was found to be so faint

as to be scarcely visible after exposure to ammonia vapor, but it appeared as a

relatively clear and slender band on cellulose acetate strips (Fig. IB). In

Mcrcenaria incrccnaria also, the four protein fractions are suggested but cannot be

clearly resolved. Fraction 1. a minor component, scarcely detectable on paper, was

always found to show trailing as a characteristic long tail-like appearance on

cellulose acetate (Fig. 1 B).
The number of protein fractions in the blood was the same as in the extrapallial

fluid in the eight species examined. However, as indicated in Table I. in ACCJIU-

pcctcn irradians conccntricits and Mcrcenaria incrccnaria there were differences in

migration velocity between blood and extrapallial fluid. The pericardial fluid of

Chlainys nipponaisis, Crassostrcd c/if/ds, and Ostrca cdulis showed a single fraction

is in both the extrapallial fluid and the blood in each species (diagrams not

presented ).

DISCUSSION

It is clear from the prex-nt experiments that the extrapallial fluid in the species

with a calcite shell ( . 1,-t/ui pcc/cn, Clilamy.f, Crassostrca, and Oslrca) contains a

single protein fraction. \\!:ile Npecies with an aragonite shell (Husycon, Mcrcenaria,

lUliptio, I'k'iparus. Cristaria, Corbicnla, and Cipangopaludina} or a shell of both

aragonite and calcite ( Madiolns ) have three or more protein fractions. The spe-

cies studied are few in number; however, these results suggest the possibility that

extrapallial fluid which po 5 a complex system of protein components may
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favor aragonite formation, while that having a single protein component may
crystallize as calcite during shell deposition.

Yago ct al. (1959) have reported that both the blood and the pericardia! fluid

in Crassostrea yiyas revealed a single protein fraction, in agreement with the

present experiments. Woods ct al. (1958) have reported that the serum of

Crassostrea virginica showed two slow components, using starch gel electrophoresis.

However, the writer's preliminary experiments made on the same species suggest

that some slow components are often found to occur in the following cases: in

extrapallial fluid collected from a specimen in which the mantle was intentionally

injured by the tip of the needle, and in blood collected from a relatively small heart

by strong suction with the syringe. Further, paper electrophoresis of minced tissue

fluid in this species also showed the occurrence of such slow components.
The technique of paper partition chromatography has been applied to the

taxonomic study of molluscs. Wright (1959) and Collyer (1961) have reported

the biochemical specificity in mucus and tissue fluid. The ninhydrin-positive sub-

stances studied by these investigators, and protein components in the extrapallial

fluid, showed a remarkable degree of specificity except in the species of the oysters

studied by electrophoresis. The specific fenestration of the organic matrix in the

shell (Gregoire et al., 1955) might be a pattern formed in relation to such a

biochemical specificity of the extrapallial fluid in molluscs. Accordingly, both in

vitro and in vivo studies which may show a correlation between the organic matrix,

as synthesized from either a simple or a complex system of protein components and

the crystal type of calcium carbonate, may offer some evidence on the mechanism

of shell formation. It is interesting to note here that such a preliminary in vitro

experiment has been made by Kitano and Hood (unpublished data).

SUMMARY

1. Distribution of the protein fractions of the extrapallial fluid of fourteen

species of molluscs was determined by means of paper and cellulose acetate electro-

phoresis.
2. The extrapallial fluid of species in which the calcium carbonate of the shell

occurred as calcite contained a single protein fraction. In those species in which

the shell calcium carbonate occurred as aragonite or as both aragonite and calcite,

three or more protein fractions were present in the extrapallial fluid.
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